Abstract: This paper explores the development of a sustainable production system for tilapia and the research implications involved with ensuring commercial viability of such a system for UK farmers. The tilapia is a warm water fish with firm texture, white flesh and mild taste quite similar to a cod or haddock. Whilst tropical in origin it is thought to be highly suitable for low cost aquaculture in temperate zones with the potential to be a more sustainable source of food with fewer environmental impacts than other substitutes. Drawing on a literature review and findings from technical trials the paper will review and compare two production systems -novel Activated Suspension Technology (AST) and conventional Recirculating Aquaculture Systems (RAS) -considering their feasibility in terms of potential and financial viability for scaling up to commercial production of tilapia and their environmental and sustainability benefits. The review concludes that AST based only on microbial floc is currently uncompetitive with RAS in a UK context although the approach has benefits that might be incorporated in a new generation of mixed systems. Refinement of such systems needs to occur with potential adopters and could be part of diversification of mixed farms. Such development might further enhance the ethical values of fish produced in small-scale, modular RAS.
farming is characterised by the high proportion of feed being produced through 57 natural food webs in situ (Azim & Little, 2006) . Traditionally aquaculture was one 58 component of mixed farming systems and geared to meet subsistence and local 59 market needs (Beveridge & Little, 2002) . But soaring demand and limitations of these 60 systems has fuelled a major scale-up in the world wide production of farmed 61 'seafood' over the last two decades both to meet local and, increasingly, international 62 markets. The shrimp boom in the mid-1980s-90s based on a limited number of species 63 (mainly Penaeus spp.) and more latterly Nile tilapia (Oreochromis niloticus ) and 64
Asian river catfish ( Pangasius hypothalmus) have both spread and intensified, 65 particularly in developing countries where land, water and labour are abundant and 66 cheap. 67 68
Tilapias have been heralded as a seafood commodity with major potential (Josupeit, 69 2005) . In contrast to shrimp production the rapid scale-up in tilapia production has 70 attracted little criticism from environmental groups and instead been portrayed as a 71 white fish alternative to species higher up the food chain (Marine Conservation  72 Society, 2006). They are being produced in a wide range of production systems and 73 countries in the Tropics and Sub-tropics unlike the Asian river catfish where 74 significant production is concentrated in one area-the Mekong Delta of Vietnam. It 75 might be argued that these factors increase the relative opportunity for sustained 76 growth of tilapia production, especially as despite the levels of growth, prices have 77 remained relatively firm (Josupeit, 2005) . 78 79
Global production of tilapias has soared over the last decade (FAO, 2007b) with 80 particularly significant growth in South America for export markets and China for 81 both internal and export markets (Josupeit, 2007a, b) . This tropical species that 82 originated in Africa is now the 6 th most popular seafood choice in the USA (National 83 Fisheries Institute, 2005) and major aquaculture producers turn to tilapia as a new 84 species to invest in (Josupeit, 2007b) . Although major centres of tilapia production 85 are in Asia, South and Central America and Africa, culture has also become 86 established in North America and Europe in the last few years. Tilapia production in 87 the UK has been mainly characterised by high profile failures to date (Bunting & 88 Little, 2005) . This review assesses the technological options for tilapia production 89 within insulated agricultural buildings proposed as a potential option for rural 90 diversification (Little, 2006 (Beveridge & McAndrew, 2000) . An ability to feed low in 169 the food chain in principle means that production costs can be low but also, 170 importantly, the fish can be marketed to appeal to increasingly informed consumers 171 on environmental and broader ethical grounds. The trends towards more intensive 172 practices by most commercial tilapia producers threatens these potential core 173 advantages but is a response to current commercial realities. 174 175
An ability to feed low in the food chain is matched by a high responsiveness to 176 intensification such that tilapias perform well in intensive systems based on complete, 177 but relatively low protein diets. Their tolerance of high densities (lower densities in 178 fact often trigger aggressive territorial behaviour) has meant a rapid uptake of more 179 intensive operations including more use of higher quality supplementary feeds in 180 semi-intensive ponds (Edwards, Yakupitiyage & Lin, 2000) or complete, formulated 181 feeds in intensive systems. Typically only 20-25% of fed protein is retained in the fish 182 raised in intensive systems (Avnimelech, 2006 ) the balance becoming pollutants that 183 must be removed. In principle if these waste nutrients could be retained in the system 184 they become substrate for protein-rich bacteria that are re-ingested and utilised by the 185 tilapia. Such nutrient recovery in situ occurs in conventional ponds but can be 186 operated at a higher level of intensity through use of aeration to maintain microbial 187 floc in suspension. These activated suspension ponds or technology (ASP, AST) have 188 been advocated for both tilapias and shrimp (Avnimelech, Kochva & Diab, 1994; 189 McIntosh, 2000) . The nutritional value of such microbial floc to aquatic animals is 190 dependent on several factors: food preference, ability to both ingest and digest it but 191 also the density of the suspended particles (Hargreaves, 2006 Intensification of any suspended growth system requires oxygenation and good water 238 mixing to increase the rate of ammonia immobilisation, both of which can be 239 achieved simultaneously through vigorous aeration. Phytoplankton-rich systems will 240 also benefit from in-situ oxygen generation, but with intensification they will 241 ultimately become light limited through self shading. Thus sustained aeration and 242 mixing are essential requirements for intensification of both green and brown water 243 systems. 244 245
Although few cross-references exist in the literature these processes are also the basis 246 of the 'activated-sludge' sewage treatment process (Ganczarczyk, 1983; Thiel, 2002) . 247
The main difference is that bio-floc accumulations in sewage treatment systems are 248 periodically settled and voided in a continuous or semi-continuous process. In closed-249 AST the goal is to conserve bio-floc as a food source through internal nutrient 250 recycling. This mode of operation has two further beneficial features. Theoretically, 251
water exchange rates can be reduced compared to conventional RAS, which are 252 themselves conservative consumers of water (Table 1) . Secondly, accumulation of 253 waste inorganic nitrogen compounds; unionised ammonia and nitrite (NH 3 and NO 2 ) 254 will result in growth inhibition or mortality of fish. In-situ heterotrophic ammonia and 255 nitrite assimilation therefore also conserves water quality in this vital respect. 256 257
These attributes provided the impetus behind two major trends in the development 258 and application of microbial bio-floc systems in aquaculture. The first has its origins 259 in attempts to optimise natural feed production in semi-intensive ponds through 260 various types of bio-manipulation. The second has its basis in the 'zero-water 261 exchange' and water quality remediation possibilities of AST in contexts where water 262 conservation is paramount. This driver had two threads. sorghum and other energy-rich grains could be used cost effectively as supplements to 287 natural food-especially micro-algae rather than more protein-rich feeds (Hepher, 288 1988) . Yields in these intensive water-limited systems, were constrained by water 289 quality limits stimulating further work aimed at enhancing AST function. 290
Theoretically, optimising ratios of C:N will enhance conversion of toxic inorganic-291 nitrogen compounds to microbial biomass available as food for fish or shrimp while 292
further improving water quality. Goldman et al. (1987) elucidated the fundamental 293 nutrient balance principles underlying growth efficiency of marine bacteria. They 294 found C:N ratios >10 :1 were optimal for optimising bio-floc production while 295 minimising ammonia regeneration. Many investigators (Avnimelech et al, 1989 (Avnimelech et al, , 1994 The adaptation of these principles to a brown water / MSG system in light-limited 321 conditions in which natural feed was mainly bacterial rather than derived from 322 phytoplankton was the major objective of our research. The relative stability of 323 heterotrophic microbial populations and their independence of light conditions on 324 water quality were considered as positive factors (Avnimelech, 2006 further increase risk. The potential benefits of using AST for tilapia production rather 340 than RAS scaled down to meet the investment profiles and potential local market 341 niches available to them need to be established. 342 343
The costs and risks of maintaining optimal temperatures for warm-water fish are an 344 initial concern to most potential adopters. The optimal temperature range for tilapia 345 production is 28-32 0 C, however, energy costs (heating and pumping) are 346 proportionately low (15% total direct costs; Timmons, 2005 A potential incentive for producing tilapia using a microbial floc-based system rather 366 than conventional RAS is the possibility that local feeds can be used. The overall 367 reduction in feedstock quality required to raise tilapia in AST is potentially a 368 substantial saving on production costs over RAS in which feed cost typically make up 369 from 30-40% of total operating costs depending on the scale of the operation and 370 other factors (Timmons et al., 2002 , Timmons, 2005 .Using a feed of lower overall 371 quality feed i.e. 20% crude protein feed rather than typical formulations (28-32%CP) 372 could reduce reliance on feed ingredients such as fish meal and soybean meals. 373
Potentially it could open opportunities for growing or using feed ingredients locally or 374 on-farm in a similar manner to that practiced for intensive dairy production thus 375 reducing risk and enhancing familiarity that were important priorities for potential 376 adopters (Rosa et al., 2007) . 377 378
Over-ambitious production schedules, steep technical learning curves and lack of 379 prior aquaculture experience have been inter-related causes of recurrent failure in 380 RAS. Contract farming packages which emphasise potential gains while under-381 estimating risk has contributed to spectacular failures in other novel farm 382 diversification start-ups (e.g. ostrich, and Alpaca farming). Research indicates a 383 similar threat in the UK tilapia sector. Small-scale modular approaches hold potential 384 for limiting risks carried by new adopters with no previous aquaculture experience. 385 These adopters then have the option of scaling up to more economically efficient units 386 required to supply higher volume/ low margin commodity chains (food processors and 387 supermarkets), or continuing to produce smaller volumes of fresh product for higher 388 value niche markets. In the US, innovative tilapia production initially targeted value 389 added markets but relatively high labour costs undermined their capacity to compete 390 with imports leading them to target specialist live sales, often to ethnic minorities 391 (Serfling, 2000) . Significant scale-up in production of tilapia and other species such as 392 Pangasius spp. in tropical countries threatens competitiveness of producers in the 393 commodity sector in the UK. 394 395
A key research question is; can such a production approach be maintained at 396 production levels that would be cost effective and attractive to farmers in the UK? 397
The use of aquatic microbial floc as the basis for tilapia production has been 398 advocated, but research on intensive indoor/ brown-water production systems is still 399 required to justify promotion of the AST approach to farmers in temperate climates 400 such as the UK. 401 402
Comparing performance of AST and RAS 403 404
There is a recent history of research on the operation and efficiency of AST systems, 405 most of which is based on intensively fed, green water systems in ponds or tanks 406 (reviewed by Hargreaves, 2006) . Most of the commercial application appears to relate 407 to the relatively much lower-density shrimp production with relatively little published 408 information regarding higher density fish production systems (Avnimelech, 2007) . 409
Unfortunately there is a dearth of data for replicated large-scale research systems and 410 most conclusions have been drawn based on either short term small-scale experiments 411
and/or observation of commercial or semi-commercial systems based on variable 412 sized fish (Table 2) (Tables 1 and 2 The fundamental theoretical benefit of AST; improved feed efficiency can also be 480 challenged. Analysis of feed and crude protein conversion and retention indicate that 481 the amounts of microbial floc in a brown water system utilised as feed over a range of 482 commercial stocking densities in fish offered feeds of a range of quality and 483 presentational form were minimal (Murray et al., 2007) . This contrasts markedly with 484 the values published by Avnimelech (1999) based on observations of light-driven 485
AST systems but could reflect differences in interpretation of data. Attempts to 486 manage microbial floc production by manipulating C:N ratio, or floc levels through 487 solid removal are also highly variable in the systems described. RAS and AST and found no perceived differences among fish direct from tanks or 509 after standard depuration techniques in fresh or saline water 510 (Rungreungwudhikrai,1995) . 511 512
Generally high levels of suspended solids are related to poor fish welfare as indicated 513 by poor growth, fusion of gill lamellae (Mettam, 2005 ) and susceptibility to bacterial 514 or parasite infections (Noble & Summerfelt, 1996) .Lower feed intakes and 515 performance withstanding, Vincent (2006) found no indication of gill damage on fish 516 raised over extended periods within AST or RAS systems nor differences in tail 517 erosion, scale loss etc characteristic of poor welfare. 518 519 520
Future research needs 521 522
Assessment of the development process towards an intensive system for UK farmers to 523 produce and market an exotic food fish species has identified a number of interesting 524 issues. Prototype RAS systems now require testing with potential producers and this 525 will require an iterative action learning approach whereby insights of the adopters are 526 incorporated. Studies on the nature of entrepreneurship give some insight as to the 527 characteristics of potential adopters and whether diversification was driven by need or 528 opportunism (Rosa et al., 2007 Although fish produced in AST systems had few overt signs of poor welfare, the 539 lower feed intake, slower individual growth and chronic mortalities observed suggest 540 that RAS provided more consistent and optimal conditions. Further development of 541 mixed systems has been advocated in which culture units are partitioned with algae, 542 microbial floc and/or periphyton (e.g. Avnimelech, 2006; ; Azim and Little,  543 2006; Serfling, 2000) .Optimisation of floc levels for commercial applications is a 544 research priority. 545 546
The value of microbial floc in terms of preventing fish disease problems warrant 547 scientific investigation. Probiotic approaches are now widespread in the market but 548 the relative control possible in AST and observations of the high health of fish 549 produced makes further investigation worthwhile.Designs in which the natural feed 550 component can be optimised with respect to nutritional quality and energy efficient 551 ingestion, digestion and assimilation should be prioritised. Development with 552 producers in an action research mode is most likely to result in models which are 553 management efficient and adoptable. 554 555
Intensive tilapia production is land efficient (Table 1) and may be located in 556 periurban, rather than rural locations. Benefits include the improved access to a range 557 of consumers, potentially reducing marketing costs. Controlled environments leading 558 to improved predictability of production and expected genetic and feeding gains as 559 has occurred in the broiler industry over the longer term are expected to further 560 improve competitiveness compared with other fish species and substitutes (Timmons, 561 2005) 562 563
The market context for tilapia sales in the UK is dynamic. Consumers are 564 increasingly willing to try new preparations and species of fish (Seafish, 2006b ), 565
whether it be for health reasons, indulgence or environmental grounds. Potential for 566 tilapia therefore exists, not only in ethnic markets as a fresh or live alternative to 567 frozen imports, but as a locally available 'green' fish product possibly with eco-568 credentials (Young, et al, 2006) . Tilapia also has potential in the food service sector, 569
where novel, exciting fish products are of interest, particularly if they have amenable 570 aesthetic and preparation qualities (Seafish, 2006a 
